Given that the supply of several rare earth elements (REEs) is sometimes limited, recycling REEs used in various advanced materials, such as Nd magnets, is important for realizing efficient use of REE resources. In the present work, the feasibility of using DNA for REE recovery and separation was examined, along with the identification of the binding site of REEs in DNA. In particular, a DNA-cellulose filter paper hybrid was prepared so that DNA-based materials can be used for the separation of REEs using columns loaded with DNA. N,N′-Disuccinimidyl was used as a cross-linker reagent for the fixation of DNA onto a fibrous cellulose filter. The results showed that (i) the DNA-filter hybrid has a sufficiently high affinity to adsorb REEs; (ii) the adsorption capacity was 0.182 mg/g for Nd; and (iii) the affinity of REEs for DNA was stronger for REEs with larger atomic numbers. The difference of the affinity among REEs in the third result was compared with the adsorption patterns of REEs discussed in the literature. The comparison suggests that phosphate in the DNA-filter paper hybrid was responsible for REE adsorption onto the hybrid. The results were supported by the Nd, Dy, and Lu LIII-edge EXAFS; the REE-P shell was identified for the second neighboring atom, showing the importance of the phosphate site as REE binding sites. The difference in the affinity among REEs suggest that group separation of REEs (such as La, Ce, (Pr and Nd), (Ho, Dy, and Er), (Tb and Gd), (Sm, Eu), Tm, Yb, and Lu) is possible, although complete isolation of each REE from a solution containing all REEs may be difficult. For practical applications, Nd and Fe(III) were successfully separated from a synthetic solution of Nd magnet waste using columns loaded with the DNAfilter hybrid.
Introduction
For more than a decade, rare earth elements (REEs) have been used in various advanced materials, including catalysts, alloys, magnets, optics, and lasers. 1 In particular, their use in highperformance permanent magnetic materials based primarily on neodymium (Nd) (e.g., Nd magnets) is important in terms of the amount used in the production. Although the crustal abundances of REEs 2 range from 33 (Ce) to 0.30 mg/kg (Lu), higher than those of other rare metals (e.g., 10
-3 mg/kg for Pd and much lower for Pt), the supply of several REEs is sometimes limited partly for "geopolitical" reasons. 1 Thus, recycling REEs (which serve as a valuable supplement to geological stocks) is important because global in-use stocks are almost four-times the 2007 annual production rate of Pr, Nd, Tb, and Dy, as suggested in Du and Graedel. 3 The extraction of REEs from aqueous solution can be an important recovery method applied to REE wastes if the REEs can be properly dissolved in solution. 4 In such a system, solvent extraction has been developed as an effective method since the 1930s. 5 It is currently one of the main techniques used to carry out mutual separation of REEs from aqueous solution. The mutual separation of each REE is crucial to various industrial applications of REEs, because each REE is employed separately in such applications. Meanwhile, all of the REEs coexist in natural mineral ores. However, solvent extraction suffers from drawbacks, including the following: (i) the use of harmful reagents, such as strong acids and organic solvents and (ii) the high cost of chemicals, including the extractant. [6] [7] [8] In this study, we examined the feasibility of REE recovery from aqueous solution by using DNA, one of most important biopolymers that can be extracted from salmon milts and shellfish gonads. The raw materials from which DNA is extracted are discarded as wastes in marine product industries. Thus, DNA is a relatively low-cost and environment-friendly biomaterial. The presence of anionic functional groups in DNA suggests that various cations can be bound to DNA, and used to remove heavy metal ions. On the basis of these properties, researchers have conducted various studies on the removal of inorganic and organic substances using DNA-based materials.
However, no efforts have been devoted to the separation of REEs via DNA-based materials. Our previous studies on the interaction of bacteria and REEs suggest high affinities of REEs to phosphate sites in bacterial cell surfaces, 13, 14 on which basis we considered that DNA also has high affinity to REEs through the phosphate sites in DNA.
In this study, we applied DNA to the removal of REEs from an aqueous solution. The column separation method is more effective than the batch-based method in separating metal ions from mixed solutions. Thus, DNA-filter paper hybrid was prepared in this study to fix DNA onto a solid material, so that such material can be loaded into the column. The possibility of group separation of REEs (i.e., light REE, middle REE, and heavy REE) from their mixed solutions by the column method was also examined, although complete isolation of each REE can be difficult. The binding site of REEs in DNA was also examined by extended X-ray absorption fine structure (EXAFS) spectroscopy. Finally, the column method using the DNA-filter hybrid was applied to the separation of Nd and Fe(III), the main metals employed in a Nd magnet (Nd2Fe14B).
Experimental

Materials and preparation of DNA-filter hybrid
Double-stranded low molecular weight DNA was received from Wako Pure Chemical Ind., Ltd. The molecular weight was estimated at 500 -2000 base pairs. The sample was used as received in experiments. Filter paper (Whatman 3MM) made from cellulose was obtained from GE Healthcare Ind., Ltd. (Little Chalfont, UK). Disuccinimidyl suberate was obtained from Thermo Scientific (Illinois, USA). A mixed standard solution of REEs containing all of the REEs (except Pm) and standard solutions containing Nd (SpexCertiPrep., New Jersey, USA) were employed after dilution to appropriate concentrations. Ln-resin (Eichrom ® , 2.0 meq/g) 15 and cellulose phosphate (CP, Sigma, USA; 1.08 meq/g) were used as reference materials that can adsorb REEs through phosphate as the binding site.
14 For a comparison, carboxymethyl cellulose (CMC, Sigma, USA; 0.60 meq/g) was also used as a material binding to REEs through carboxylate. All of the other reagent-grade chemicals were used as received.
A 1-wt% DMSO solution of N,N′-disuccinimidyl suberate (solution A) and a 5.0 g/L DNA aqueous solution adjusted to pH 8 buffered by 10 mM Tris-HCl (solution B) was mixed at a volume ratio of A:B = 10:1. Filter paper was soaked in the mixed solution, after which it was thoroughly washed with Milli-Q water to obtain the DNA-filter hybrid. N,N′-Disuccinimidyl is well known as a cross-linker reagent that can react specifically with amine. [16] [17] [18] The presence of two succinimidyl groups in N,N′-disuccinimidyl suberate makes the combination of two amine groups in the system possible. By this reaction, Berdat et al. 16 immobilized DNA on a silicon substrate; the immobilization was due to the reaction of silicon with the amine group in DNA. In the present work, the cross-linking reaction of DNA may have occurred in the presence of cellulose (filter paper).
Treatment with N,N′-disuccinimidyl suberate is suggested to immobilize amines on fibrous materials, such as cellulose. 19 Thus, DNA may also be immobilized on filter paper during the reaction of N,N′-disuccinimidyl suberate and DNA.
The detection of DNA by absorbance at 260 nm showed that approximately more than 80% of the DNA in the solution was fixed on the filter paper after being washed by Milli-Q water. In addition, further washing of the DNA-filter hybrid did not remove DNA from the hybrid. The specific reaction of disuccinimidyl with amine suggests that the phosphate group in the DNA remains unreacted. The presence of phosphate functional groups in the DNA-filter hybrid was confirmed by the BIOMOL Green method. 20 To use the DNA-filter hybrid in subsequent batch and column experiments, the REE filter hybrid was fragmented into small pieces (particle size < 1 mm) with an electric mill with aluminum blade. The powdery DNA-filter hybrid was directly used in batch and column experiments, as discussed in the following section.
Batch and column experiments
Before a column experiment, a batch experiment was conducted to study REE adsorption onto the DNA-filter hybrid. To determine the pH dependence of the adsorption behavior, a solution containing all REEs (1 mg/L each REE; volume, 10 mL) was mixed with 0.20 g of the DNA-filter hybrid. The reaction time was 3 h, which was long enough to attain equilibrium, as indicated by the time dependence examined before the batch experiment. The adsorption capacity of the DNA-filter hybrid was also determined in a batch experiment, in which the solution at various concentrations of Nd was mixed with 0.20 g of the DNA-filter hybrid. The dependence of the adsorption amount of Nd on the equilibrium concentration in water was examined to determine the adsorption capacity of Nd.
The column experiment was conducted to test the possibilities of (i) the mutual separation of REEs using DNA-filter hybrid, and (ii) the separation of Nd and Fe(III) from a simulated waste solution of the Nd magnet (Nd2Fe14B). For this purpose, a quartz column with an inner diameter of 7 mm was used. The fragmented DNA-filter hybrid (0.80 g) was loaded into the column, in which the height of the hybrid was ca. 9.5 cm in the column.
EXAFS
To confirm the binding site of REEs on the DNA-filter hybrid, EXAFS spectra were recorded for Dy adsorbed onto the hybrid. The sample for the hybrid was prepared at constant concentration of each REE (Dy, Lu, or Nd) to the hybrid as 1 × 10 -7 mol/mg. As reference materials, the local structure of REEs adsorbed onto Ln-resin, CP, and CMC were also studied. As an example of REE, Dy LIII-edge EXAFS spectra were recorded in beamline BL14B2 or BL01B1 at SPring-8 (Hyogo, Japan). The two beamlines have similar X-ray sources (i.e., bending magnet) and layouts of optics. The X-rays were monochromatized with a pair of Si(111) crystals. The beam size of the X-ray at the sample position was about 1 × 4 mm 2 , and its incident intensity (I0) was monitored with an ionization chamber. The sample was placed at 45 from the incident beam, and the fluorescent X-rays were measured with a 19-element Ge solid-state detector (SSD) to obtain the spectra of Dy on the DNA-filter hybrid and reference materials. One to three scans were summed to improve the signal-to-noise ratio, and all of the spectra were normalized to unit steps in the absorption coefficient. No radiation damage was found during the data acquisition because multiple scans provided identical spectra. The spectra at Lu LIII-edge and Nd LIII-edge were also measured at BL14B2 in SPring-8 and BL12C at the Photon Factory (Tsukuba, Japan), respectively. Beamline BL12C is also a hard X-ray XAFS station. 21 The measurement was also conducted in the fluorescence mode using 19-element Ge-SSD.
The EXAFS data analysis was carried out using the codes REX 2000 (Rigaku Co., Ltd.). Phase shifts and amplitude functions for data simulation were calculated using FEFF7.0 22 for each element based on the structures of DyPO4, NdPO4, and LuPO4, for Dy, Nd, and Lu, respectively. 23 The experimental EXAFS function, χ(k), was obtained after subtracting the embedded-atom absorption background from the Lα fluorescence signals of Dy, Nd, or Lu and normalized to the intensity of the incident beam (I0). EXAFS spectra were Fourier transformed (FT) after multiplying the Hanning function to minimize truncation effects at both ends of the k region subject to FT. FT-EXAFS spectra, that is, the radial structural function (RSF) was back-transformed to k space for neighboring shells of interest in the RSF for spectral simulation using parameters extracted using FEFF7.0.
Results and Discussion
Adsorption of REE on the DNA-filter hybrid
The adsorption of REEs onto the DNA-filter hybrid was examined at various pH (Fig. 1) . The REE pattern of Kd (= solid-water distribution coefficient; unit, L/g) exhibited enrichment at a heavy REE part (HREE), such as Tm, Yb, and Lu. This pattern is similar to those observed for REE adsorption onto bacterial cell surfaces, 13 where phosphate sites in the bacterial cell surface were the binding sites of REEs, as indicated by an EXAFS analysis. 14 Given that the shape of the REE pattern depends on the relative variation in the stabilities of REEs to the ligands coordinating to REEs, 24, 25 the REE pattern in the DNA-filter hybrid implies that the binding site in the material is also phosphate, as will be confirmed by EXAFS analysis.
Other characteristics of the REE pattern for adsorption onto the DNA-filter hybrid are: (i) adsorption at the light REE (LREE) region from La to Nd is weaker than that at the other REE regions and (ii) middle REE (MREE) components, such as Sm and Eu, are also strongly adsorbed compared with other REEs, except for the HREE components. The mutual difference among the REEs suggests that three subgroups (= LREE (La, Ce 3+ , and Pr), MREE (Sm and Eu), and HREE (Tm, Yb, and Lu)) can be roughly separated on the basis of the difference in the affinity of REEs to the DNA-filter hybrid. In particular, adsorption onto the DNA-filter hybrid may specifically isolate Yb and Lu because of the large differences in their affinities to the hybrid. However, the precise isolation of each REE within the subgroup can be difficult.
The adsorption of REEs became weaker as the pH decreased ( Fig. 1) , which is often observed in the adsorption behavior of cations on deprotonated binding sites. 26 Thus, the adsorption-desorption behavior at various pH levels can be used to separate REEs, as usually conducted in the ion-exchange method for separating various ions. The difference in Kd from lighter to heavier REEs increased as the pH decreased. This result suggests that desorption at lower pH regions can enhance the effectiveness of the mutual separation of REEs after the initial adsorption at higher pH. However, the pH for the adsorption of REEs was adjusted to below 4 because the hydrolysis of DNA can be accelerated by the presence of REEs at circumneutral pH. 27 This acceleration can be induced by the hydrolysis of the phosphodiester linkage in nucleic acids.
Adsorption capacity
The adsorption isotherm was examined by the adsorption of Nd onto the DNA-filter hybrid at various initial concentrations at pH 3. showed that the reaction obeys Langmuir-type adsorption. As shown by the fitting, the maximum adsorption amount was 0.182 Nd mg/g, or 3.78 μeq/g. This value is small compared with that of a cation exchange resin (typically ca. 1 meq/g), since the main weight of the material is that of the filter paper. However, the fixation of DNA onto any solid materials is necessary in using DNA to separate ions using the column method. DNA itself is more or less soluble in water, but can be partially insoluble, especially in the presence of polyvalent cations. 28 If DNA is distributed in both solid and aqueous phases, a method using DNA only as the separation agent may not be feasible for the REE separation in a solid-water system. Conversely, the column method can effectively and accurately separate REEs. Hence, the DNA-filter hybrid was prepared in this study, although the relatively lower maximum adsorption amount suggests that the method may be unsuitable for the REE solution at higher concentrations.
Binding site examined by EXAFS
EXAFS spectra obtained at Dy LIII-edge are shown for k-and R-spaces (Fig. 3) . The spectra of Dy adsorbed onto the DNA-filter hybrid are provided along with those on two reference materials: Ln-resin and CP, both having phosphate as the binding site. The spectra of Dy adsorbed onto CMC (binding site: carboxylate) are also shown for a comparison. According to Takahashi et al., 14 the binding site in Ln-resin and CP for REEs is phosphate, also seen in the peak found at R + ΔR = 3.3 (Å) in the R-space spectra of Dy (Fig. 3b) . The fitting of the spectra by the parameters generated by FEFF showed that the interatomic distances between Dy and P were 3.76 and 3.77 for Dy on CP and Ln-resin, respectively. Although the phosphate is the binding site for both adsorbents, the number of phosphate groups (CN) bound to Dy on CP was 1.5, smaller than that for Dy on Ln-resin (CN = 7.2). The difference in CN can affect the average distance of Dy and oxygen in the adsorbents; the average Dy-O distances were 2.33 and 2.25 for Dy on CP and Ln-rein, respectively. This difference can be caused by two factors: (i) the Dy-O distance for Dy bound to phosphate is smaller than that for the water molecule bound to Dy, and (ii) the ratio of water molecules remaining in the first coordination sphere for CP was larger than that for Ln-resin. As a result, the peak of Dy-O in the R-space shifts to larger R for CP compared with that in the Ln-resin system, because the Dy-O distance measured by EXAFS can be the average value of various Dy-O bonds in the system. The EXAFS spectra of Dy adsorbed onto the DNA-filter hybrid at pH 3 and 4 were almost identical to those of Dy on CP (pH 4) both in k-and R-spaces. The Dy-O and Dy-P peaks found in the RSF for Dy on the hybrid (Fig. 3b) were at the same peak positions for Dy adsorbed on CP. The result showed that the binding site of REEs in the DNA-filter hybrid is the phosphate group in DNA, which is also suggested by the shape of the REE pattern as shown in the previous section (Adsorption of REE on the DNA-filter hybrid). The EXAFS parameters obtained for the samples (Table 1) confirm that the coordination environment of Dy adsorbed onto the DNA-filter hybrid is similar to that on CP.
Similar EXAFS data were also obtained for Nd and Lu ( Fig. 4 ; Table 1 ), although the Nd spectra were of poorer quality than those of the other REEs. This result is presumably caused by the lower affinity of Nd to the DNA-filter hybrid and weaker signal of Nd LIII-edge EXAFS compared with those at the Dy and Lu LIII-edges, given the smaller fluorescence yield and interferences by air for Nd LIII-edge. However, the spectra of Nd and Lu adsorbed onto the DNA-filter hybrid are identical to those adsorbed onto CP. The results revealed that the phosphate site is mainly responsible for the adsorption of all REEs onto the DNA-filter hybrid.
The shape of the REE pattern of the DNA-filter hybrid is discussed based on the EXAFS results. The peak at MREE part and increase in the HREE part found in the DNA-filter hybrid (Fig. 1) was also found in the REE pattern for CP. 13 Thus, the EXAFS data indicating the similarity between DNA-filter hybrid and CP are consistent with the similarity found in the REE pattern results. Compared more precisely with the REE pattern for CP, however, the REE pattern for the hybrid shows larger enrichment at the HREE part. It has been suggested that the slope of the REE pattern parameterized, such as by the [Lu]/[La] ratio, is larger as the CN of the ligand increases. 29, 30 The CN value of the phosphate (= CN for the REE-P shell) for Nd, Dy, or Lu given in Table 1 was larger than that for the respective REE in the CP system, which agrees well with the larger slope of the REE pattern found in the hybrid system. Hence, the shape of the REE pattern for the hybrid can be explained reasonably by the binding-site information given by EXAFS.
Separation of REE by the column method
Before discussing mutual separation, the recovery of REEs from a column loaded with DNA-filter hybrid is first presented. During the adsorption of REEs, in which a 1-mL solution containing all REEs at 5 mg/L concentration (pH 3.5) was injected into the column, the solution eluted out of the column was collected. The concentration of REEs in the solution was below 10 ng/L, showing that all of the REEs were adsorbed We then tested the method to separate each REE from a solution containing all of the REEs at a concentration of 1 mg/L. Separation was conducted by adsorption onto the column and elution by HCl, where repeated use of the column was also possible. The REE solution (1 mL) adjusted to pH 3.5 was passed through the column after pretreatment with 5 mL of Milli-Q water. The elution was conducted initially by 0.0020 M HCl (12.5 mL), and subsequently by 0.10 M HCl (7 mL), 0.20 M HCl (7.5 mL), and 0.20 M HCl. Figure 5 is a plot of the accumulated value of recovery in each fraction relative to the total amount injected. In particular, the amount eluted by 0.0020 M HCl was larger for La, and subsequently for (Ce and Pr), as well as for (Nd, Ho, Dy, and Er). These trends are almost consistent with the Kd values found in the REE pattern in Fig. 1 : Kd increased in the order La < (Ce and Pr) < (Nd, Dy, Ho, and Er) at pH 3. Larger retention in the column was found for Tb and Gd. The DNA-filter hybrid column has selectivity toward Sm and Eu compared with other LREEs and MREEs, a result also suggested by the REE pattern, especially at pH > 3 ( Fig. 1 ). At pH < 3, the affinity of Sm and Eu became lower than that of Tm, which resulted in the larger retention of Tm when the elution solution was changed into 0.010 M HCl and more acidic solutions. As also expected from the REE pattern, Yb and Lu have considerably higher affinity to the DNA-filter hybrid, which was not subject to elution by 0.0020 M HCl. The results suggest that the column method with the DNA-filter hybrid can be used for the group separation of REEs. If we assume that the elements with a 10% difference in their recovery at the point of 12 mL (0.0020 M) can be separated eventually by repeated use of the column method, the separation of La, Ce (Ce 3+ ), Group A (Pr and Nd), Group B (Ho, Dy, and Er), Group C (Tb and Gd), Group D (Sm, Eu, and Tm), and Group E (Yb and Lu) from the REE solution can be achieved. Among them, Tm and Lu can be separated from Group D and E, respectively, under more acidic condition. To isolate each ion, for example, the mutual separation of La, Ce, Nd, Sm, Er, Gd, Yb, and Lu can be conducted using a mixed solution of the eight elements. Since the aim of this study is to show the feasibility of DNA-based materials for the separation of REE, we did not conduct further optimization of the separation condition such as the column length, acid concentrations, etc. However, considering the fact that the mutual separation of REEs is a difficult task in analytical sciences, the separation of these elements by the DNA-filter hybrid can be a low-cost but highly efficient method.
As an example of the practicality offered by using columns loaded with the DNA-filter hybrid, the separation of Nd and Fe(III) is discussed here (Fig. 6) . The two elements were selected because they are the major elements used in the Nd magnets. To achieve recycling of the two elements, the solutions containing Fe(III) (11 ppm) and Nd (5 ppm) at pH 3 were added to a column loaded with the DNA-filter hybrid. Subsequently, 16 mL of a 0.040 M HCl solution was passed through the column. More than 95% of the Nd was eluted, whereas less than 10% of Fe(III) to total Fe(III) was found during elution by 0.040 M HCl. Thus, the DNA-filter hybrid can be applied to the separation of Nd from Fe(III), which can be used for the recovery of Nd from the solution obtained after the wet decomposition of Nd magnets.
